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The full control of the fundamental photophysics of nanosystems at frequencies as high
as few THz is key for tunable and ultrafast nano-photonic devices and metamaterials. Here
we combine geometrical and ultrafast control of the optical properties of halide perovskite
nanoparticles, which constitute a prominent platform for nanophotonics. The pulsed pho-
toinjection of free carriers across the semiconducting gap leads to a sub-picosecond modi-
fication of the far-field electromagnetic properties that is fully controlled by the geometry
of the system. When the nanoparticle size is tuned so as to achieve the overlap between
the narrowband excitons and the geometry-controlled Mie resonances, the ultrafast modu-
lation of the transmittivity is completely reversed with respect to what is usually observed
in nanoparticles with different sizes, in bulk systems and in thin films. The interplay be-
tween chemical, geometrical and ultrafast tuning offers an additional control parameter with
impact on nano-antennas and ultrafast optical switches.
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3INTRODUCTION
The study of light-matter interaction in halide perovskites (HPs) has revolutionized the photon-
ics community in the last decade [1, 2]. The wide interest on this class of materials, which comprises
compounds of the form ABX3, where A stands for organic (e.g., CH3NH3=MA) or inorganic (e.g.,
Cs) cations, B is usually lead (Pb), and X is chosen between the halogens I, Br, or Cl, mainly stems
from their outstanding optoelectronic properties, such as strong excitonic resonances at room tem-
perature [3], tunable band-gaps and emission wavelengths within the entire visible spectrum [4–6],
and long carrier diffusion lengths [7, 8]. These features, combined with low-cost fabrication meth-
ods, boosted the development of photovoltaic solar cells with power conversion efficiency exceeding
20% [9].
Halide perovskites constitute also a promising platform for ultrafast optical switching applica-
tions. Sub-picosecond visible light pulses can be used to photo-inject free carriers across the HP
semiconducting gap, thus triggering the kind of multi-step dynamics that is at the basis of any
ultrafast photonic device operating at frequencies as high as several THz [10–17]. Tuning the den-
sity and energy-distribution of the photo-carriers thus provides an additional control parameter for
achieving the complete tunability of HPs optical properties on the picosecond timescale.
Recent advances in the development of HP-based metamaterials [18–21] and nanoantennas
[22, 23] brought into play an additional degree of freedom to control HP optical properties on
ultrafast timescales [24–26]. In this framework, a geometry-based approach was proposed after the
observation of tunable Fano resonances in nanoparticles (NPs), arising from the coupling of the
discrete excitonic states to the continuum of the geometry-driven Mie modes of the nanostructures
[27]. Tuning the interference by a suitable choice of the nanoparticle size allows to dramatically
modify the excitonic lineshape, up to the point of reversing the scattering resonant peak into a dip
[27].
In this work, we combine geometrical and ultrafast manipulation of the optical conductivity of
Mie-resonant CsPbBr3 nanoparticles (see Fig. 1a). Our time- and energy-resolved pump-probe data
show that, when the nanoparticle size is tuned to achieve a dip in the excitonic Fano lineshape, the
photo-induced band gap renormalization and the subsequent band filling drive a modification of the
optical constants, which is opposite as compared to that observed in bulk HP and in NPs exhibit-
ing a peak in the excitonic Fano lineshape. The analysis of the photophysics of Fano resonances
in HP NPs is complemented by finite element simulations, which offer insights into the interplay
between the non-equilibrium charge distribution and the coupling of the optical transitions to the
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FIG. 1. Structural and Optical Properties of Hybrid Perovskites Nanoparticles. (a) Concept of
the pump-probe experiment on HP nanoparticles. The right panel displays a scanning electron microscopy
image of the 300 nm NPs sample. (b, c) Size distribution of CsPbBr3 nanoparticles with average diameter
φ¯=150 nm (b, green bars) and 300 nm (c, purple bars). The size distribution has been calculated by analysis
of the scanning electron microscopy images. The solid line represents the normal fit to the experimental
distributions. For both samples the standard deviation of the normal distribution is 10% of the average size.
(d) Experimental measured extinction spectra of the CsPbBr3 nanoparticles with average diameter of 150
nm (green markers) and 300 nm (pink markers). In the spectral region investigated in the time-resolved
experiment, the extinction data have been fitted (solid black lines) with Eq. 1. For the 150 nm sample, we
estimated q=(−18.1 ± 0.2) and Γ = (0.107 ± 0.003) eV, while q=(−0.41 ± 0.01) and Γ=(0.123 ± 0.005) eV
for the 300 nm sample. The right panel sketches the energy overlap between the discrete excitonic level
(yellow line) and the continuum of states (square), which gives rise to the Fano low-q resonance for 300 nm
particles. (e) Schematics of the electron dynamics triggered by the pulsed photo-excitation (blue arrow):
the initial creation of the non-thermal electron-hole distributions within the valence (VB) and conduction
bands (CB) leads to the renormalization of the equilibrium gap, E0g , which reduces to Eg=E0g -δEBGRg . At
later times, the interactions drive the formation of a long-lived quasi-thermal distribution at the gap edges
and a consequent increase of the effective optical band gap, Eg = E0g + δEBFg .
geometry-controlled cavity modes and allow us to extract the intrinsic band-filling dynamics. The
combination of optical and geometrical control offers an additional platform for ultrafast optoelec-
tronic nanodevices and metamaterials. CsPbBr3 nanoparticles, exhibiting tunable Fano resonances,
5represent a prospective building-block for ultrafast all-optical switching in non-linear nanophotonic
designs[28, 29]. The observation of an opposite photo-induced response in nanoparticles exhibiting
different Fano lineshapes represents an interesting method to control the non-linear response of
dielectric media in nanodevices and metamaterials with sub-wavelength spatial resolution[30, 31].
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FIG. 2. Ultrafast dynamics of the nanoparticle optical properties. Energy- and time-resolved
differential transmission maps for 150 nm (a) and 300 nm (b) CsPbBr3 nanoparticles pumped at 2.9 eV,
with an incident fluence of 54µJ/cm2. The top panels display δT/T (~ω) spectra at fixed probe delays (200
fs, dashed line; 2 ps solid line) for 150 nm and 300 nm nanoparticles, respectively. For graphical reasons,
the data reported in panel (b) are magnified by a factor 4.
RESULTS
Isolated CsPbBr3 nanoparticles with different average sizes (see distributions in Fig. 1b, c) were
deposited on a quartz transparent substrate with an average coverage density σcov=3 NP/µm2 [27].
The samples were optically characterized by measuring the extinction, X=− log10 T , where T is
the sample transmission. In Fig. 1d we report the extinction, which includes both the scattering
6and absorption contributions, of samples with 150 and 300 nm average NP diameter (φ¯). In both
cases, the extinction can be reproduced by the following expression:
X(~ω) = a ·
[
q · Γ
2
+ ~ω − (Eg − Eb)
]2
Γ2
4
+ [~ω − (Eg − Eb)]2
+Xbck(~ω,Eg), (1)
where the first term on the right-hand side represents a Fano asymmetric excitonic linewidth with
amplitude a, centered at Eg − Eb, Eb being the exciton binding energy, and with a lineshape
controlled by the broadening parameter Γ and the profile index q. Xbck(~ω,Eg) accounts for the
absorption across the semiconducting edge at Eg (see Sec. S2 for more details).
For 150 nm NPs, the small overlap between the excitonic line at Eg-Eb '2.4 eV and the Mie
resonances results in a moderate asymmetry of the peak in the extinction spectrum (green markers
in Fig. 1d), corresponding to q '-18 (high-q resonance). When the NP size is increased (300
nm), the overlap between the Mie modes and the excitonic resonance increases. As a result, the
scattering contribution strongly increases[27] thus turning the extinction lineshape into a dip (pink
markers in Fig. 1d), which corresponds to q '-0.4 (low-q resonance). The separate scattering and
absorption contributions to the total extinction of single NPs are discussed in the Supplementary
Information.
In this work we use ∼40 fs (FWHM) light pulses at 2.9 eV photon energy to trigger the out-of-
equilibrium dynamics in HP NPs. In general, it is known that in bulk semiconductors the sudden
photo-generation of high-density non-thermal electrons(holes) within the conduction(valence) band
(see Fig. 1e) modifies the electron screening thus shrinking the band gap [32]. This phenomenon,
known as band gap renormalization (BGR), manifests itself into a photo-induced absorption increase
below the semiconducting band edge [14], corresponding to a photo-induced dynamical decrease of
the effective band gap, Eg=E0g -δEBGRg . Within ≈1 ps, the electron-electron and electron-phonon
interactions drive the relaxation of the non-thermal population and the creation of a long-lived
quasi-thermal distribution, described by an effective temperature and chemical potential, which
overfills the electron(hole) states at the band edges (see Fig. 1e). The consequent bleaching of
the band-edge transitions, known as band filling (BF) or dynamic Burstein-Moss effect [33, 34],
leads to the photo-induced dynamical increase of the effective band gap, Eg=E0g+δEBFg , until
the equilibrium distribution is eventually recovered on the nanosecond timescale via interband
recombination [10]. To address the role of the geometry in controlling the modulation of the
optical properties consequent to the BGR and BF processes, we performed broadband pump-probe
experiments on NPs all the way from Fano high-q to low-q resonance conditions. The pump-induced
7relative transmittivity variation, δT/T (~ω,∆t), is measured in the 2.2-2.5 eV energy range by means
of a delayed (∆t) supercontinuum white light probe detected through a collinear interferometer
(GEMINI by NIREOS) [35, 36], as described in the Methods. The energy- and time-dependent
δT/T (~ω,∆t) is reported for 150 and 300 nm NPs (see Figs. 2a, b). More experimental data for
different NP sizes are shown in Fig. S1.
In the Fano high-q resonance condition (150 nm, Fig. 2a), the δT/T (~ω,∆t) signal is character-
ized by a short-lived negative component at ~ω '2.3 eV and a long-lived signal, which turns from
positive to negative at the exciton peak at Eg-Eb '2.4 eV. The presence of two different spectral
components can be appreciated by plotting δT/T spectra at different delays (∆t=0.2 and 2 ps, top
panel of Fig. 2a). The negative transmittivity variation at short delays reflects a photo-induced
increase of below-gap absorption, which is the signature of the BGR effect, as already observed
in thin films [14]. On the picosecond timescale this effect decays as a result of hot carrier cooling
through electron-phonon interactions [14]. As a consequence, after ∼2 ps the positive(negative)
transmittivity variation at ~ω <(>)2.4 eV can be reproduced, over the entire frequency range, by
a rigid blue-shift, by δEg=(5.1±0.4) meV, of the excitonic line in Eq. 1. Such shift is the typical
manifestation of the conventional band filling effect, which has been already reported in HP thin-
films[10]. We remark that the transmittivity variation measured in our pump-probe experiment
refers to the effective response of the sample, which can be modeled as an inhomogeneous film with
CsPbBr3 NPs, with volume filling fraction fvol. Therefore, in order to quantitatively compare our
results to previous data on thin films, we extracted the pump-induced shift of the band-gap of the
individual nanoparticles (δENPg ) by calculating the scaling factor (C˜), which relates δENPg to the
measured effective δEg. As described in Section S2, we adopted the Modified Maxwell-Garnett Mie
(MMGM) theory [37] for the effective medium, which accounts for size-dispersed spherical particles
embedded in a host matrix, to calculate the scaling factor as the ratio between the intrinsic ab-
sorption variation of an individual NP and the effective absorption variation of the film. From our
analysis, we estimated C˜=60±40. Considering that, for small shifts, the transmittivity variation
in the proximity of a peak is directly proportional to the shift amplitude, we can thus assume that
δENPg ' C˜δEg=(300±200) meV, which is in quantitative agreement with data reported in Ref. 10.
The non-equilibrium optical response of CsPbBr3 nanoparticles progressively changes when the
NP size is increased and the overlap between the exciton resonance at ∼2.4 eV and the geometry-
controlled continuum of the Mie modes is enhanced. In the Fano low-q resonance condition, obtained
for 300 nm NP size, the δT/T (~ω,∆t) signals associated to both the band gap renormalization and
band filling effects are reversed, as shown in Fig. 2b. In this condition, the sub-ps below-gap trans-
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FIG. 3. Numerical simulations. Differential transmittivity spectrum, δT/T (NP)(~ω), calculated for indi-
vidual (a) 150 nm and (b) 300 nm nanoparticles. The separate contributions of the bandgap renormalization
(BGR), band filling (BF) and Drude effects to the total signal are calculated by assuming the photo-injected
free carrier density nfc ' 1.2× 1020 cm−3, for both nanoparticle sizes.
mittivity change is positive, thus suggesting a photo-induced decrease of below-gap absorption in
opposition to the conventional band gap renormalization effect measured in films and nanoparticles
far from the Fano low-q resonance condition.
Our results demonstrate that the non-equilibrium optical properties of CsPbBr3 NPs following
ultrafast excitation are crucially controlled by the NP size. The photo-generated electron/hole
population in the conduction and valence bands gives rise to a photo-induced variation of the far-
field optical properties, which qualitatively and quantitatively depends on the interference between
the excitonic resonance and the geometrically-controlled Mie modes. To gain further insights into
the interplay between non-equilibrium photo-injected free carriers and the geometry-controlled Fano
interference, we performed full-vectorial numerical electromagnetic simulations implemented with
the finite element method in COMSOL. In these numerical calculations, we considered isolated HP
nanospheres deposited on a quartz substrate with refractive index 1.45. The numerical simulations
of the full electromagnetic problem go beyond the Mie theory for isolated NPs, which is presented in
Section S6, and allow us to account for the NP-substrate interaction that affects spectral position,
amplitude, and phase of the resonances in the NP. [38]
The frequency dependent transmittivity variation of the single NP is calculated as
δT/T (NP)(~ω)=10−(X
NP
out(~ω)−XNPeq (~ω)) − 1 (for details, see Methods). The equilibrium extinction,
XNPeq (~ω), is obtained by solving the NP scattering problem and assuming the complex refractive
9index of bulk CsPbBr3 (extracted from Ref. 27). The out-of-equilibrium extinction, XNPout (~ω),
is obtained by properly modifying the equilibrium optical properties to account for the effect of
photo-generated non-equilibrium carriers. More specifically, we assume that the photo-excitation
process initially injects an excess density of electrons (ne) and holes (nh) approximately equal to
the density of absorbed photons, i.e. ne ' nh ' nph. On the sub-picosecond timescale, the photo-
injected free carrier density, nfc=ne+nh '2nph ' 1.2× 1020 cm−3 (see Methods for calculation
of nph), overcomes the screening critical concentration, ncr ≈3.4×1018 cm−3 (see Sec. S5 of the
Supplementary Information) [32], thus leading to a photo-induced bandgap renormalization and a
related change of the absorption coefficient expressed as [32]:
δαBGR(~ω;nfc/ncr) = αeq
(
~ω;E0g − δEBGR(nfc/ncr)
)− αeq(~ω;E0g) . (2)
Within ≈1 ps, the carrier-carrier and carrier-phonon interactions lead to the relaxation of the
photo-injected free carriers and to the onset of a quasi-thermal effective carriers distribution which
completely fills the states at the bottom(top) of the conduction(valence) band. The bleaching of
the gap-edge transitions (band filling) manifests itself as [32]:
δαBF (~ω;nfc, T ∗) = αeq
(
~ω;E0g
) [
fv
(
~ω;E∗Fv , T
∗)− fc(~ω;E∗Fc , T ∗)− 1] , (3)
where the effective Fermi-Dirac populations in the valence and conduction bands, fv and fc re-
spectively, are controlled by the effective Fermi levels E∗Fv and E
∗
Fc
and by the effective temper-
ature T ∗. The photo-induced absorption change related to transition of free carriers within the
conduction(valence) band is accounted for by a Drude model, as described in Sec. S5 of the Sup-
plementary Information. We calculated δT/T (NP)(~ω) for different NP sizes, namely 150 and 300
nm (Fig. 3a and b, respectively), corresponding to the Fano high-q resonance and low-q resonance
conditions. While the Drude contribution is always negligible (see Fig. 3), the BGR and BF domi-
nate the transmittivity change, as can be evidenced by calculating separately the two contributions
to the δT/T (NP)(~ω) signal. For both NP sizes, the BGR effect has been estimated by assuming
nfc/ncr ' 2nph/ncr=35 in Eq. 2. The BF effect has been reproduced by assuming that the effective
thermal energy of the free carriers is given by the excess energy injected by the pump photons and
equally shared between electrons and holes, i.e. 3/2kT ∗=(~ωp-E0g )/2. Considering ~ωp=2.9 eV
and E0g '2.4 eV, we obtain T ∗ '3000 K. E∗Fv and E∗Fc are then self-consistently calculated (see
Eqs. S21 and S22) assuming nfc=2nph. The results reported in Fig. 3 show that, for 150 nm NP
size, the BGR results in an additional below edge absorption (negative δT/T ), which is opposite
to the signal related to the BF process. In contrast, when the NP size matches the Fano low-q
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FIG. 4. Disentangling band filling and bandgap renormalization. Differential time traces at specific
photon energies are reported for NP sizes matching the Fano high-q resonance (150 nm, panel (a)) and low-q
resonance conditions (300 nm, panel (b)). The black solid lines represent the single exponential fitting to
the time traces taken at ~ω=2.23 eV (black dots). The red solid lines represent the multi exponential fitting
to the time traces taken at ~ω=2.3 eV (red dots). Panel (c) displays the BGR signal obtained by subtracting
the BF dynamics from the time traces taken at ~ω=2.3 eV and shown in panels (a) and (b). The solid lines
represent the exponential fitting to the BGR dynamics.
resonance condition (300 nm, Fig. 3b), both the BGR and BF contributions to the differential
transmittivity variation are of opposite sign as compared to the high-q resonant case. Moreover,
the results obtained from the simulations are consistent with the experimental data obtained for
a wider set of CsPbBr3 NP samples. Indeed, in the case of nanoparticles with average sizes of
∼ 100 nm and ∼ 220 nm, whose extinction spectrum is characterized by a peak (high-q) near the
exciton line (see Fig. S1a), their out-of-equilibrium optical properties (reported in Fig. S1b, d)
exhibit spectral features similar to those reported for 150 nm NP sample. These numerical results
support our experimental findings and demonstrates that the photo-induced modulation of the NP
optical properties is controlled by the geometry of the system.
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The numerical results reported in Fig. 3 offer important insights into the photophysics of HP
NPs and provide a guide for disentangling the BGR and BF dynamics, which experimentally overlap
on the picosecond timescale. The results reported in Figs. 3a and 3b indicate that, for both NP
sizes, the δT/T (NP) at ~ω '2.2 eV is dominated by the BF effect, whereas the BGR signal is
negligible. As a consequence, time traces at this photon energy, although smaller in amplitude with
respect to data at higher photon energy, directly reproduce the dynamics of the BF alone. In Figs.
4a and 4b we report δT/T (~ω=2.23 eV, ∆t) time traces (black dots), which can be fitted by a single
exponential function (black lines) with similar time constant τBF=480±20 fs. The BGR dynamics
can then be retrieved by analyzing the time-traces taken at different photon energies for which the
BGR contribution is not negligible. In Fig. 4a and 4b we report δT/T (~ω=2.3 eV, ∆t) time traces
(red dots), which exhibit a multi-exponential behaviour. In Fig. 4c we report the components of
the multi-exponential fit which directly represent the time evolution of the actual BGR process;
the curves are obtained by subtracting the properly scaled BF contribution from the full δT/T
dynamics at ~ω = 2.3 eV (see Sec. S4 for more details). For both NP sizes, the build-up time of
the BGR signal is ≈200 fs, whereas the relaxation of the non-thermal carriers responsible for the
BGR takes place within 400±10 fs, a timescale compatible with the carrier cooling mediated by the
coupling to optical phonons [39]. We underline that, in the time-resolved traces, the dynamics of the
δT/T signal is proportional to the non-equilibrium population within the valence and conduction
bands. This population, which is bottlenecked by the presence of the gap, decays on a time scale
much longer than the inverse of the exciton linewidth (∼ ~/Γ = 6 fs) that accounts for the whole of
quasi-elastic scattering processes which reduce the exciton lifetime. The procedure here introduced
and based on time- and frequency-resolved optical measurements constitutes a way to disentangle
the BGR and BF processes. Our results show that, microscopically, the two processes are almost
independent of the NP size, as expected since the exciton Bohr’s radius (∼7 nm) [5] is much smaller
than the NP size. The observed inversion of the δT/T (~ω, ∆t) signals in the Fano low-q resonance
condition is thus a genuine effect of the geometry of the system, which controls the sub-picosecond
modulation of the optical properties.
The numerical simulations also reproduce the local electric field enhancement FE, defined as the
ratio between the modulus of the electric field ( ~E (x, y, z)) and the amplitude of the of the incident
plane wave (E0): FE = ‖ ~E (x, y, z) ‖/E0. Fig. 5 shows equilibrium and out-of-equilibrium FE at
2.38 eV for a single nanoparticle with 150 and 300 nm diameter size. The black arrows represent
the electric field vector for the same excitation parameters used to obtain the plots reported in Fig.
3. For 150 nm NPs, the equilibrium resonance (panel (a)) is dominated by the electric dipole (ED)
12
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mode. The ED spatial pattern is maintained also in out-of-equilibrium conditions (panel (b)). On
the other hand, the nature of the resonance dramatically changes for 300 nm NPs. The electric field
distribution in Fig. 5c suggests that both ED and MD (magnetic dipole) resonances contribute to
the electromagnetic response at equilibrium, the latter exhibiting a typical field leakage towards
the substrate. The MD contribution in 300 nm NPs, for the probe spectral region considered
(2.20−2.45 eV), is consistent with the observation[40] that MD mode takes place when the relation
λ0/n ≈ φ¯ is fulfilled, with λ0/n being the light wavelength inside the particle. Indeed, from Ref. 27,
n = 2.1 at ~ω = 2.2 eV, which gives λ0/n = 270 nm ≈ 300 nm (see multipole modes decomposition
for NPs of different sizes in Sec. S6). In the Fano low-q resonance condition, the photo-excitation
strongly alters the mode spatial distribution (panel (d)) by shifting up the MD center of mass and
increasing the ED mode contribution at the NP-substrate interface.
In order to connect the near field solutions to the total scattering, it is instructive to plot
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the Poynting vector at the NP interface (red arrows). In the Fano high-q resonance condition
(150 nm NPs in panels (a) and (b)), photo-excitation leads to a quench of the total scattered energy,
corresponding to the positive transmittivity variation measured in the experiments. In contrast, the
out-of-equilibrium Poynting vector in Fano low-q resonance NPs (300 nm NPs in panels (c) and (d))
indicates an overall transient scattering enhancement associated to the ED and MD photo-induced
change and corresponding to the negative measured transmittivity variation.
CONCLUSIONS
In conclusion, we have studied the photo-induced sub-ps optical modulation of the Fano reso-
nance formed by the coupling of an excitonic state with Mie modes in halide perovskite NPs. In
particular, we have demonstrated that the ultrafast modification of the optical properties induced
by the band gap renormalization and band filling mechanisms, dramatically depends on the geom-
etry of the NPs. In the low-q resonance Fano condition, the contribution of the two effects on
the relative transmittivity variation is completely reversed with respect to the high-q resonant case
and to what was previously observed in thin films and bulk materials [16]. Importantly, this is the
demonstration of the ultrafast control of the optical response in nanoparticles where Mie resonances
are coupled with excitons. In previous studies, the ultrafast all-optical switching in Mie-resonant
nanoparticles was carried out with standard semiconductors like amorphous silicon [28, 41–43] and
gallium arsenide [44], for which excitonic effects are negligible at room temperature. Beside the
physical effects arising from the coupling between exciton and Mie modes, there is important ad-
vantage of high absorption and sharp band-edge in CsPbBr3 perovskites, allowing us to greatly
reduce the fluence required to observe ultrafast tuning. CsPbBr3 nanoparticles exhibit an ampli-
tude of the transmittivity modulation that is two order of magnitude larger as compared to that
measured in silicon-based Mie resonators under similar photo-excitation conditions [42]. Although
in this work we focused on CsPbBr3 nanoparticles, the results and modeling discussed simply rely
on the geometry-driven overlap between the exciton line and the continuum of Mie resonances.
As a consequence, the present results can be promptly extended to a wider class of perovskites-
based nanonstructures. The present results offer insights into the photophysics of halide perovskite
nanoparticles and provide an additional parameter to control their optical properties at frequencies
as high as few THz, with impact on perovskite-based optoelectronic devices, metamaterials and
switchable nano-antennas.
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METHODS
Samples
Perovskite NPs are deposited on the ITO and glass substrates according to the following protocol.
A solution 1 consists of lead(II) bromide (PbBr2, 36.7 mg, 0.1 mmol) and cesium(I) bromide (CsBr,
21.2 mg, 0.1 mmol) dissolved in 1 mL of anhydrous dimethyl sulfoxide (DMSO). A solution 2 consists
of polyethylene oxide (PEO, average Mw 70 000, 10 mg) stirred at 300 rpm in 1 ml of DMSO at
70 ◦C for 10 h. 1 and 2 are mixed in 1:3 mass ratio and stirred at 100 ◦C for 10 min to give a
perovskite-polymer ink. The latter is deposited on precleaned glass and ITO substrates by spin-
casting at 1500 rpm for 1 min. The deposited films are annealed at 130 ◦C for 3 min to produce
NPs with an average size of 150 nm and at 80 ◦C for 10 min to obtain NPs with an average size
of 300 nm. All the procedures are conducted inside a N2-filled glovebox with both O2 and H2O
level not exceeding 1 ppm. Extinction spectra are measured in a UV-vis-NIR spectrophotometer
(Shimadzu UV-2600).
Time-Resolved Pump-Probe Spectroscopy
The optical pump-probe set-up is based on a Yb-laser system (Pharos, Light Conversion), which
delivers 37.5 µJ, 270 fs pulses at 1030 nm central wavelength and 400 kHz repetition rate. A portion
of the laser with 30µJ energy is used to pump an optical parametric amplifier (Orpheus-F, Light
Conversion). The output signal at 850 nm is frequency doubled to obtain a pump pulse at 425 nm
(2.9 eV), bandwidth[45] ∆λ ∼ 7 nm, with 52 nJ energy per pulse that is focused within 350µm
spot size (fwhm). The 54 µJ/cm2 incident pump fluence is such that the average absorbed photon
density is nph ' 6× 1019 cm−3 (see Sec. S3 for more details). The other portion of the laser is
focused on a sapphire crystal to generate a white-light continuum probe ranging from 500 nm to
1000 nm, which is then reduced to the region 500-600 nm (2.1-2.5 eV) by a colored bandpass glass
filter (∼ 1 mW). The pump is modulated by a mechanical chopper working at 2.5 kHz. The pump
pulse is delayed in time with respect to the probe pulse by using a linear motorized stage (Physik
Instrumente M403.2DG). The pump and the probe beams are orthogonally polarized: the pump
is linearly horizontally polarized, whereas the probe is vertically polarized. The two beams are
non-collinearly focused onto the sample: the pump impinges on the sample at normal incidence,
while the incident angle of the probe is less than 10◦. After the interaction with the sample, the
linear and differential transmission spectra (at fixed pump-probe delay) are detected by means of a
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common-path birefringent interferometer, GEMINI (from NIREOS), which generates two collinear
replicas of the incoming light. When the relative delay between the two probe replicas is varied,
the light interferogram is obtained on a single-pixel photodiode.
The linear transmission spectrum is obtained by computing the Fourier Transform of the in-
terferogram, while the differential transmission spectrum is retrieved by computing the Fourier
Transform of the interferogram demodulated by a lock-in amplifier at the chopping frequency.
The pump-induced relative transmittivity variation is defined as δT/T (~ω,∆t) = [Tout(~ω,∆t) −
Teq(~ω)]/Teq(~ω), where Tout and Teq are the out-of- and equilibrium transmittivities.
Simulations
We performed full-vectorial numerical simulations implemented with the finite element method
in COMSOL. In our simulations, we consider the linear scattering problem of an electric field
impinging on isolated CsPbBr3 nanospheres deposited on a quartz substrate. From the simulations,
we calculated the absorption and scattering cross-section of the single nanoparticle, Cabs and Csca
respectively, to obtain the extinction cross-section Cext of the single nanoparticle as Cext = Cabs +
Csca[46]. The absorption (scattering) cross-section is calculated as Cabs = wabs/Ii (Csca = wsca/Ii),
where wabs (wsca) is the rate at which the energy is absorbed (scattered) by the particle and Ii is
the incident light intensity[46]. The incident field is a linearly polarized plane wave since the focal
spot size in the experiment is much larger than the sphere diameter. To obtain the transmittivity
of the layer from Cext, we assumed that the nanoparticles are weakly coupled and that they are
uniformly distributed on the substrate surface with a coverage distribution density σcov=3 NP/µm2.
The transmittivity is given by T = 10−X , where the extinction X is related to Cext through
X = σcov · Cext · log10 e[46]. The equilibrium transmittivity of the nanoparticle is obtained by
solving the linear scattering problem for a single CsPbBr3 sphere, where the equilibrium complex
refractive index equals the experimental refractive index of CsPbBr3 thin films, reported in Ref.27.
The out-of-equilibrium transmittivity is obtained by solving the linear scattering problem for a
single CsPbBr3 sphere, where the equilibrium complex refractive index is modified according to
Eqs. (2) and (3). This procedure is applied to nanoparticles with diameter of 150 nm and 300 nm.
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FIG. S1. (a) Equilibrium extinction spectra of CsPbBr3 NPs of different size. (b-e) Time- and energy-
resolved δT/T maps corresponding to the NPs whose extinction is reported in panel (a).
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S2. EFFECTIVE MEDIUM THEORY AND MODEL FOR THE DIFFERENTIAL
TRANSMISSION
In Fig. 1 (main text) we show the fit of the Fano profile (Eq. 1 of the main text) to the
experimental extinction (X) of the 150 and 300 nm NP samples at equilibrium. In Eq. 1 of the
main text, Xbck accounts for the absorption across the semiconducting edge and its analytical
expression is given by a second-order polynomial function
Xbck(~ω) = k0 + k1 · (~ω) + k2 · (~ω)2, (S1)
where k0, k1, and k2 are free parameters.
Given the relation X=− log10 T (where T is the sample transmission), it follows that the differ-
ential transmission (δT/T ) is:
δT
T
= 10−δX − 1 ' − 1
log10 e
δX, (S2)
where δX is the differential extinction.
Fig. S2a displays the experimental δT/T spectra of the 150 nm NP sample, taken at delay time
∆t = 2 ps. The experimental data (circles) can be reproduced (solid line) by assuming a blue-shift
δEg = (5.1 ± 0.4) meV of the Fano profile (Eq. 1 of the main text). As discussed in the main
text, the observed blue-shift δEg refers to the whole sample, which can be modelled as an effective
medium consisting in CsPbBr3 nanoparticles surrounded by air. To compare the measured band-
gap shift (δEg) to the values reported in literature for thin films of similar perovskite compounds,
we adopt the Modified Maxwell-Garnett Mie model (MMGM) [37], which accounts for the geometry
dispersion of Mie resonators, to extract a scaling factor C˜. This scaling factor allows us to estimate
the intrinsic bandgap shift of individual nanoparticles (δENPg ) and compare it to results obtained
on thin films.
According to the MMGM model, the dielectric function of the effective medium (εeff) is related
to that of the nanoparticles (εnp) and of the surrounding medium (εm) through the relation:
εeff − εm
εeff + 2εm
=
3ifvol
2
(
λ0
pi
√
εm φ¯
)3 ∫ φ2
φ1
F(φ) a1(φ;λ0) dφ (S3)
where fvol is the volume fraction of the inclusion (see Sec. S2A for the details of the calculation),
λ0 is the wavelength in vacuum, φ¯ is the average diameter of the NPs, F(φ) is the NPs diameter
distribution function, φ1 and φ2 are the lower and upper limits of the size distribution. The term
a1(φ;λ) is the first electric (see Sec. S6B for more details) Mie coefficient given by:
a1(φ;λ0)=
√
εnp ψ1
(
piφ
√
εnp/λ0
)
ψ′1
(
piφ
√
εm/λ0
)−√εm ψ1(piφ√εm/λ0)ψ′1(piφ√εnp/λ0)√
εnp ψ1
(
piφ
√
εnp/λ0
)
ξ′1
(
piφ
√
εm/λ0
)−√εm ξ1(piφ√εm/λ0)ψ′1(piφ√εnp/λ0) , (S4)
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FIG. S2. Out-of-equilibrium properties at long time delays. (a) Experimental differential transmis-
sion spectra (green markers) for 150 nm nanoparticles, taken at ∆t = 2 ps after excitation. The solid line is
obtained by fitting Eq. S2 to the experimental data in the energy region near the resonance. (b) Variation
of the absorption coefficient of the effective medium δαeff (yellow solid line) and of the inclusion δαnp (black
solid line); the latter is multiplied by a factor 1/60.
where ψ and ξ are the Riccati - Bessel functions. We assume that the equilibrium dielectric function
of the nanoparticle εnp equals that of the CsPbBr3 thin film (which is extracted from Ref. 27).
According to the experimental distribution of the NPs diameters reported in Fig. 1 of the main
text, we assume a normal distribution of diameters given by:
F(φ) = 1/
√
2piσ2φ e
−
(
φ−φ¯√
2σφ
)2
, where σφ is the standard deviation of the distribution. In the case
of the 150 nm NPs sample, φ¯ = 150 nm and σφ = 17 nm.
Within the framework of MMGM theory, we calculated the scaling factor C˜ as the ratio between
the absorption[47] variation of the nanoparticles (δαnp) and the absorption variation of the sample
(δαeff), i.e. C˜=δαnp/δαeff. Fig. S2b reports the comparison between the variation of the absorption
coefficient of the sample δαeff (yellow solid line) and of the nanoparticles δαnp (black solid line).
To calculate C˜ we optimize the overlap between the absorption variations at energies smaller than
the exciton peak, which is the region investigated by our pump-probe experiment. Following this
procedure we obtain C˜= (60± 40). The error is calculated taking into account the fact that the
samples consist in lattices of randomly distributed nanoparticles. The average coverage distribution
density is σcov = 3 NP/µm2, but it oscillates in the range 1÷5 NP/µm2.
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A. Calculation of the volume fraction fvol
The volume fraction fvol can is estimated as (see Fig. S3):
fvol =
V ·N
Vtot
=
4
3 pi
(
φ¯
2
)3 · σcov · S
φ¯ · S =
pi
6
· σcov · φ¯2,
where V is the volume of the single nanoparticle, Vtot is the volume of the selected region (the height
of the cylinder equals the mean nanoparticle diameter), N number of particles within the selected
region, φ¯ is the mean nanoparticle diameter, σcov is the average coverage distribution density, and
S is area of the base of the selected region. Considering the experimental parameters φ¯ = 150 nm
and σcov = 3 NP/µm2, it follows that fvol = 0.035.
߶ത
S
Vtot
FIG. S3. Calculation of the volume fraction fvol. Sketch of the region adopted to estimate the volume
fraction. Vtot is the volume of the selected region (gray solid line), S is area of the base of the selected region
(shadowed gray surface), and φ¯ is mean nanoparticle diameter. The height of the cylinder equals the mean
nanoparticle diameter.
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S3. CALCULATION OF THE PUMP PHOTON DENSITY
The initial free-carrier density injected by each pump pulse has been evaluated by taking into
account the material extinction, the fluence employed in the pump-probe experiment, and the struc-
tural properties of the nanoparticles. The incident fluence is F = 54µJ/cm2 at λ = 425 nm. For
150 nm NPs, the extinction at the pump wavelength is X = 0.207 and the equilibrium transmission
results equal to T = 10−X = 0.63. Taking into account the reflection from the substrate (R=0.08)
and assuming that the energy is absorbed by the nanoparticles, the absorption due to the nanopar-
ticles is A = 1− (R+ T ) = 0.29. It follows that the absorbed fluence is EA = F ·A = 15.5µJ/cm2
and, therefore, the energy absorbed over an area A = 1µm2 is Ea = EA ·A = 1.55× 10−13 J. Given
an average coverage distribution density of σcov = 3 NP/µm2 and assuming a spherical shape for the
nanoparticles, which gives a volume V = 1.767× 10−15 cm3, the energy absorbed per unit volume
is wa = Ea/(3 ·V ) = 29.2 Jcm−3 = 1.82× 1020 eVcm−3. Finally, given that the pump is centered at
λ = 425 nm, the photon density per unit volume at the pump wavelength is nph = 62.6× 1018 cm−3.
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S4. ANALYSIS OF THE TIME-RESOLVED TRACES
The time-resolved δT/T (∆t) traces, at fixed probe energy, are analysed according to the following
double-exponential model. This choice is due to the fact that we want to describe the dynamics of
the differential signal as the sum of the contributions due to bandgap renormalization (BGR) and
band filling (BF). The δT/T (∆t) model is given by the convolution between a gaussian function G,
describing the experimental time resolution (given by the pump temporal width), and the material
response function F :
δT/T (∆t) = G(∆t) ∗ F(∆t) , where G(t) =
√
4 ln 2
pi τ2p
e
− 4 ln 2
τ2p
t2
and (S5)
F(∆t) = θ(∆t− t0) ·
[
A1 ·
(
1− e−
∆t−t0
τR1
)
· e−
∆t−t0
τD1 +
+A2 ·
(
1− e−
∆t−t0
τR2
)
· e−
∆t−t0
τD2
]
. (S6)
In the previous expressions, τp=40 fs is the FWHM of the pump-laser pulse, t0 is the zero-time
offset, τR1 is the BGR rise time, τD1 is the BGR decay time, τR2 is the BF rise time, τD2 is the BF
decay time, A1 and A2 are the amplitude factors of the two mechanisms.
TABLE S1. Parameters extracted from the fit procedure applied to the δT/T dynamics at different probe
energies
Parameter 150-nm-NP 300-nm-NP
τR1 (fs) 200 ± 10 190 ± 10
τD1 (fs) 410 ± 10 390 ± 10
τR2 (fs) 500 ± 20 460 ± 20
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S5. MODELS OF THE DYNAMICS OF THE SINGLE NANOPARTICLE OPTICAL
PROPERTIES
Here, we report the description of the models adopted to establish the role of the different physis-
cal phenomena in determining the out-of-equilibrium optical properties of the single nanoparticle.
Upon free-carriers injection, the transmission variation is controlled by three main components [32]:
the Drude term (D), the band filling (BF) and the bandgap renormalization (BGR) effects. These
processes give rise to a modulation of both the refractive index and absorption, as given by:
δn = δnD + δnBGR + δnBF (S7a)
δα = δαD + δαBGR + δαBF (S7b)
For each process (i=D, BGR, BF), the refractive index and absorption variations are constrained
by the following Kramers-Krönig relations:
δni(~ω;nfc) =
2c~
e2
P.V.
∫ +∞
0
δαi(ξ;nfc)
ξ2 − (~ω)2 dξ, (S8)
where c is the speed of light in vacuum, e is the electron charge, ~ is the Planck’s constant, and
P.V. is the Cauchy principal value [32, 48]. As it will be described in the following, these three
components depend on the pump-injected free-carriers density nfc. In our analysis, we assume an
injected free-carrier density nfc = 1.2× 1020 cm−3 for 150 nm NPs; moreover, the pump-injected
free-electron density in the conduction band (ne) is assumed equal to the pump-injected free-holes
density in the valence band (nh), i.e. ne ' nh ' nfc/2.
A. Drude
The Drude term represents the physical mechanism for which the photon-absorption promotes
a free-carrier to a higher energy state within the same band. The corresponding change in the
refractive index is given by:
δnD (E;nfc) = − nfc ~
2 e2
4m∗ n0 ε0 (E2 + ~2 γ2)
, (S9)
where m∗ =
(
m−1e +m
−1
h
)−1 is the reduced-effective mass (m∗ = 0.072m0, [5]), n0 is the refractive
index at equilibrium and γ is the inverse collision time of the carriers.
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B. Bandgap Renormalization
In the case of parabolic bands, the optical absorption (α0) of electrons (holes) from the valence
(conduction) band to the conduction (valence) band is given by the square-root law:
αeq
(
~ω;E0g
)
=

0 for ~ω < E0g ,
C1
~ω
√
~ω − Eg + C2 Γ/2
[~ω−(E0g−Ex)]
2
+(Γ/2)2
for ~ω ≥ E0g
, (S10)
where E0g , Ex, and C are respectively the band-gap energy, the exciton binding energy and a
constant. The bandgap renormalization term is modeled as a rigid translation (red shift) of the
absorption curve:
δαBGR(~ω;nfc/ncr) = αeq
(
~ω;E0g − δEBGR(nfc/ncr)
)− αeq(~ω;E0g) , (S11)
where δEBGR is the free-carrier dependent bandgap shift, whose expression is
δEBGR(nfc/ncr) =

C3
εs
(
1− nfc2ncr
)1/3
, nfc/2 ≥ ncr
0, nfc/2 < ncr
, (S12)
where C3=0.05 is a fitting parameter, εs= 4 (Ref. 49) is the relative static dielectric constant, and
ncr is the critical concentration of free carriers [32], which is calculated as
ncr
[
cm−3
]
=
(
m∗/m0
1.4 εs
)3
· 1.6× 1024 = 3.4× 1018. (S13)
C. Band Filling
The band filling term implies a free-carriers induced modulation of the interband absorption
for photon energies slightly above the nominal bandgap. In presence of free-carriers injection, the
variation of the intraband absorption is described by the following expression:
δαBF (~ω;nfc, T ∗) = αeq
(
~ω;E0g
) [
fv
(
~ω;E∗Fv , T
∗)− fc(~ω;E∗Fc , T ∗)− 1] , (S14)
where
fv
(
~ω;E∗Fv , T
∗) = [1 + exp(Ea − E∗Fv
kBT ∗
)]−1
and fc
(
~ω;E∗Fc , T
∗) = [1 + exp(Eb − E∗Fc
kBT ∗
)]−1
(S15)
are the Fermi-Dirac distributions for the electrons in the conduction band and holes in the valence
band, respectively. In Eq. S15, T ∗ is the effective temperature, Ea and Eb denote an energy level
in the valence and conduction band, and E∗Fv and E
∗
Fc
are the carrier-dependent quasi-Fermi levels.
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The effective temperature T ∗ is computed by considering the excess energy of the pump-excited
free-carriers which, in our case, corresponds to T ∗ ≈ 3000 K (we assume that the energy is equally
distributed between electrons and holes, [13]). For a given photon energy ~ω, the values of Ea and
Eb are uniquely defined on the basis of energy and momentum conservation:
Ea = − (~ω − Eg)
(
me
me +mh
)
− Eg and Eb = (~ω − Eg)
(
mh
me +mh
)
. (S16)
The value of the carrier-dependent quasi-Fermi levels is computed by the Nilsson approximation
[50]:
E∗Fv = −
[
ln
(
nfc
2Nv
)
+
nfc
2Nv
[
64 + 0.05524 · nfc
2Nv
·
(
64 +
√
nfc
2Nv
)]−1/4]
kBT
∗ − E0g (S17)
and
E∗Fc =
[
ln
(
nfc
2Nc
)
+
nfc
2Nc
[
64 + 0.05524 · nfc
2Nc
·
(
64 +
√
nfc
2Nc
)]−1/4]
kBT
∗, (S18)
where the zero energy level is set at the bottom of the conduction band. Nv and Nc are the effective
density of states in the valence and conduction band, respectively, given by
Nv = 2
(
mh kB T
∗
2pi~
)3/2
and Nc = 2
(
me kB T
∗
2pi~
)3/2
. (S19)
The refractive index variation due to bandgap renormalization and band filling is obtained after
the application of the Kramers-Krönig relations (see Eq. S8). The possible photoinduced variation
of interband transitions at high energies, i.e. beyond the experimental accessible energy range,
would gives rise to an additional refractive index variation, which is not accounted for by Eq. S14.
This contribution is considered by assuming an additional frequency independent refractive index
variation, δn0, which can be adjusted to finely match the ratio between the amplitudes of the δT/T
signals at the energy ~ω '2.4 eV for the 150 nm and 300 nm NPs.
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S6. MIE-THEORY OF SINGLE PARTICLE
A. Extinction, Scattering, and Absorption
In order to clarify how scattering and absorption mechanisms contribute to total extinction,
we analytically calculated the scattering, extinction and absorption cross-sections (Csca, Cext, and
Cabs, respectively) of a single sperical CsPbBr3 particle, within the framework of Mie theory [46].
This model applies to the ideal case of isolated nanoparticles in a surrounding medium, but it
is instructive to qualitatively address the role of the scattering and absorption processes. The
analytical expressions are given by:
Csca =
2pi
k2
∞∑
h=1
(2h+ 1) (|ah|2 + |bh|2) (S20a)
Cext =
2pi
k2
∞∑
h=1
(2h+ 1) <(ah + bh) (S20b)
Cabs = Cext − Csca (S20c)
where the index h is the multipole order, ah and bh are the scattering Mie-coefficients of the order
h, k=2pi
√
εm
λ0
is the wave-number in the surrounding medium, εm is the dielectric function of the
surrounding medium, and λ0 is the wavelength in vacuum. Assuming that the permeability of the
particle equals to that of the surrounding medium, Mie coefficients can be obtained thanks to the
following expressions:
ah =
mψh(mx)ψ
′
h(x)− ψh(x)ψ′h(mx)
mψh(mx)ξ
′
h(x)− ξh(x)ψ′h(mx)
(S21a)
bh =
ψh(mx)ψ
′
h(x)−mψh(x)ψ′h(mx)
ψh(mx)ξ
′
h(x)−mξh(x)ψ′h(mx)
, (S21b)
where ψ and ξ are the Riccati - Bessel functions, m = √εnp/√εm is the relative refractive index,
εnp is the dielectric function of the nanoparticle, x = piφ
√
εm/λ0 is the size parameter, and φ is the
sphere diameter. Basing on these equations and assuming that the dielectric function of a CsPbBr3
nanoparticle equals that of the thin film of the same material (extracted from Ref. 27), we calculate
the cross-sections of the CsPbBr3 spherical NPs with diameter of 150 and 300 nm (see Fig. S4). In
both cases, near the exciton region, the scattering, characterized by a Fano asymmetric lineshape,
dominates the total extinction.
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FIG. S4. Cross Sections for spherical CsPbBr3 nanoparticles. Extinction, scattering and absorption
cross-sections of spherical CsPbBr3 nanoparticles with diameter of 150 (panel a) and 300 nm (panel b) at
equilibrium.
B. Modes Decomposition (equilibrium and out-of-equilibrium)
In this section we describe how multipole decomposition of the scattering cross-section is spec-
trally modified by the photo-excitation process in the simple case of an isolated nanoparticle in a
surrounding medium. The outcome of numerical simulations of the full electromagnetic problem
in the realistic configuration (nanoparticle+substrate) is discussed in the main text. In expres-
sion S20, ah (electric) and bh (magnetic) are the Mie-coefficients of the order h. The multipole
modes are named according to the order: h=1 stands for dipole mode, 2-quadrupole, 3-octupole,
etc. Fig. S5a and c exhibit the scattering cross-section at equilibrium (obtained as described in
S6A), together with the contribution provided by the four strongest multipole modes (dipolar (D)
and quadrupolar (Q) modes of magnetic (M) and electric (E) types), for a CsPbBr3 particle with
diameter of 150 and 300 nm (panel (a) and (c), respectively). The out-of-equilibrium scattering
cross-section (i.e., after photo-excitation) is calculated thanks to expressions S20a, S21 by using a
perturbed perovskite dispersion, εout = εnp +δεnp. The photo-induced variation of the nanoparticles
dispersion δεnp is obtained as described in Sec. S5. The out-of-equilibrium cross-section, together
with the contribution provided by the four strongest multipole modes, are reported in panels (b)
and (d) for a CsPbBr3 particle with diameter of 150 and 300 nm, respectively.
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FIG. S5. Modes decomposition for spherical CsPbBr3 nanoparticles. Calculated scattering cross-
section (red solid lines) for a spherical CsPbBr3 nanoparticle of diameters 150 nm (a, b) and 300 nm (c, d), as
well as contributions to the four strongest Mie modes in visible spectral range: electric dipole (ED, blue solid
lines), magnetic dipole (MD, magenta solid lines), electric quadrupole (EQ, yellow solid lines), and magnetic
quadrupole (MQ, black dashed lines). The spectra are calculated for unperturbed material before photo-
excitation (a, c), and after photo-excitation assuming an injected free carrier density nfc = 1.2× 1020 cm−3
(b, d).
